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Bright stars and an inactive disk in Sgr A* and other 
dormant galaxy centers. I. The optically thick disk. 
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Abstract. Cold inactive disks are believed to exist in Low Luminosity AGN (LLAGN). They may also exist in 
the nuclei of inactive galaxies and in the center of our own Galaxy. These disks would then be embedded in the 
observed dense nuclear stellar clusters. Making the simplest assumption of an optically thick disk, we explore 
several ways to detect the disk presence through its interaction with the cluster. First of these is the eclipses of 
close bright stars by the disk. The second is the increase in the infrared flux of the disk due to illumination of 
its surface by such stars during close passages. Finally the surface brightness of the star cluster should show an 
anisotropy that depends on the inclination angle of the disk. We apply the first two of the methods to Sgr A*, the 
super massive black hole in our Galactic Center. Using the orbital parameters of the close star S2, we strongly 
rule out a disk optically thick in the near infrared unless it has a relatively large inner hole. For disks with no 
inner holes, we estimate that the data permit a disk with infrared optical depth no larger than about 0.01. Such 
a disk could also be responsible for the detected 3.8 fim excess in the spectrum of S2. The constraints on the disk 
that we obtain here can be reconciled with the disk parameters needed to explain the observed X-ray flares if dust 
particles in the disk have sizes greater than ~ 30/xm. The destruction of small dust particles by strong UV heating 
and shocks from star passages through the disk, and grain growth during "quiescent" times, are mentioned as 
possible mechanisms of creating the unusual grain size distribution. We estimate the emissivity of the thin layer 
photo-ionized by the star in Hydrogen Br7 line and in the continuum recombination in the 2.2 /jm band, and find 
that it may be detectable in the future if the disk exists. 

Key words, accretion, accretion disks ~ dust, extinction - eclipses - Galaxy: center - stars: individual (S2) 



1. Introduction Sunyaev 2003) two major myste ries of Sgr A* : its amaz- 

, , , , ... . , ingly low luminosity (e.g.. see iBaganofJ l2003l an d re- 
in the last decade or so, dramatic improveme nts m the . , ITTT — p i i J lonml , kr I |onnol\ j 

, .,. . r , • r , • / n views by IMelia fc Falckd 120011 and INaravanI 120021) and 

capa bilities oi the mtrared instruments (e.g., lUtt et al.l j- j i i-j. j v a 

I I , , , 1, , . , T 1 the recently discove red large amplitude X-ray flares 

M produced unprecedented y high quality data on the feaganoff et all boTll . Direct observational detection of 

distribution ot sta rs m Sgr A (e.g., Grcnzel et al. 2003t , , .r,, j- , • > , , 

m 71 I , . , \ ' the disk could be poss ible it the disk were ma ssive and thus 

IGhez et al.l I2003al) and m the centers ot other inactive i • , , , / [TTT~^ — TTm U nn-J j ITr 1 

' — ; — : TT, , , brigh t enough (e.g.. IFalcke fc Melial 119971 and INaravanI 

galaxies. 1 hese high quality data prove that a super mas- |onnnl\ j. j- • j.- j- i u i j j 

. , , , , , /„J^T^TT\ . . , r ^ 1 120021) but a very dim inactive disk could have eluded such 

sive black ho le SMaH) e xists m the center ot our Galaxy , , , . 177'^ — r~7: 1 — TllonnoK 

1 ^ , .. ., , ~ Tii„„ |— -; 7II777771 , , , a detection fNavakshm et al."2003l). 

(e.g.. lSchodel et alJl2002HGhez et al.ll2003bl) and that the i- r,- o r, „^^oV • , , i 

• r.Lii_-iii - a A*ij. 1 INavak shm &: Sunyaev 2003) pointed out that the 

majority ot the bright stars m Sgr A cluster ar e early- , — 7 — ," r . _ ' ' , , , , , 

, FT r~ — ninnnnl 177^ — ^ — 7 — 71lr,nnnl\ ■ ■ three dimensional orbits ot stars such as Sz could be used 

type stars IIGezari et al.l 120021 IGenzel et al.ll2003l) . rising , • t , , , • tt i i 

. , , . , . 1 , , 1 , r 1 • i • to test the putative disk hypothesis. Here we extend the 

interesting questions about the star formation history m , r , , , , • , , , 

, , • • -J. r o A * work ot these authors by doing a much more through 

the vicinity ot Sgr A . , . r , n • i 

T 1 ,,1 j-i i-TTAriAT^ analysis ot the parameter space as well as including new 

In analogy to the disks present m LLAGN (e.g., , .t ■ ^ i i-, ■ r 

iMivoshi et aVJl 99,4lQuata,ert et a,1. ^l fl'i): Ho 2o' oi.a thin P^^^^^'." P^^icular under the simplest assumption of 

c , , , , , CO 1 an optically thick disk, we discuss three methods to do 

inact ive (i.e. formerly accreting; IKolvkhalov fe SunvaevI , ,. . „ . 

177771 ,. , • i • o A* T 1 i-i- so: (1) stellar eclipses: (11) re-processmg ot the stellar UV 

I1980D disk may exist m Sgr A*. In addition, , , I. ' . , , 

,, , , , , , . J77 , , . "I and visible radiation into mtrared; 111 asymmetry ot the 

the disk presence may help t o explain INavakshml . , , , , , t,t 1 , ^ , , r , , 

177771 rT \ , . p „ — llonnol w 1 ^,• n A T integrated Star cluster light. We apply the hrst two ot the 

I2003t INavakshm fc SunvaevI 120031 Nayakshm, Cuadra & ,r 1 , ,1 , o« , 1 •, • 1 

methods to the star S2, whose orbit is currently known 

Send offprint requests to: jcuadra@MPA-Garching.MPG.DE the best out of all the close sources in Sgr A* cluster. 



2 



J. Cuadra et al.: Bright stars and an optically thick disk in Sgr A* 



We find (0 that absence of eclipses for S2 could be ex- 
plained by a disk with a "large" inner hole, i?in 0.03", 
for a rather broad range in the disk orientations. Note 
that for a distance of 8 kpc to the Galactic Center, 1" 
corresponds to ~ 1.2 x 10^^ cm or ~ 1.3 x lO^Rg, where 
Rg — 2GMbm/c^ ~ 9 X 10^^ cm is the gravitational radius 
for the A/bh = 3 x 10^ Mq black hole. The re-processing 
of the optical-UV luminosity of the star in the infrared, 
however, creates a variable and very bright emission 
in the standard near infrared spectral bands. This emis- 
sion would add to the total "stellar" flux observed from 
the source (see Figure [7| below) . Considering disks with 
no inner hole and all possible orientations we find that 
this additional emission would have been detected by the 
Genzel et al. and Ghez et al. teams. Therefore an optically 
thick (in A ~ few /im) disk is ruled out for Sgr A* star 
cluster. We estimate that the maximum near infrared op- 
tical depth of the disk that would not violate observational 
constraints is about 0.01. Finally, the cluster asymmetry 
measurement is suggested (21 as means to constrain disk 
size and orientation in nearby galaxies whose nuclear re- 
gions are visible in the optical and UV light. In the dis- 
cussion section (Q we summarize our main results. 



2. Eclipses (and flares) 

2.1. The Method 

In this paper we consider an inactive disk optically 
thick in all relevant frequencies. In our study of the cf- 
fects of the disk on i ndividual stars, we pick the star S2 
l|Sch5del et alJl2002t Ichez et alJl2003b|) ^ as the best ex- 
ample. This is a very bright (Lboi ~ 10^ L©) star whose 
orbit is constrained with better precision than that for 
any other star near Sgr A*. The exist ing data on the star 
positions in the last ^ 1 years cover l|Schodel et al ]l2002l 
l2003HGhez et al.ll2003bl see also Figure H below) as much 
as ~ 70% of its orbit. The coverage will clearly further in- 
crease with time. In addition, the star passed mere ~ 0.02" 
or about 2000 gra vitation al radii, Re, from the black hole 
in the pericenter ijSchddel et al. 2002,) . 

Geometrical thickn ess of a cold disk is very small (see 
iNavakshin et aljl2003(l so we treat the disk as a flat sur- 
face. The disk is assumed to be in Keplerian circular rota- 
tion and is described by its inner and outer radii: i?in and 
i?out- An example of the projection of such a disk is shown 
in Fig.Q] We need two angles to describe the observational 
appearance of the disk: inclination < i < 7r/2, between 
the direction normal to the disk and the line of sight, and 
rotation < (3 < 2tt, between the West direction and the 
semi-minor axis of the disk as seen in projection. (Out of 
the two possible semi-minor axes, we pick the one that lies 
on the side of the disk closest to the observer.) 

Note that the angle /3 is of no importance for disks 
that have azimuthal symmetry, and is thus rarely defined. 
For our problem, however, this angle is important since it 
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Fig. 1. Projection of the disk in the plane of the sky. The 

disk is described by two radii, Rin and i?out, and two an- 
gles: disk inclination angle, i, and rotation angle, /3. The 
latter is defined as the angle between the West projection 
and the semi-minor axis of the disk projection directed to 
the part of the disk closest to the observer. 



determines the orientation of the disk relative to stellar 
orbits. This angle definition is somewhat different from 
those commonly used to define stellar orbits (see e.g.. lR,ovl 
14.8), nevertheless we feel that ours is simpler to 
use: /3 immediately shows which side of the disk is in front 
of the plane of the sky centered on Sgr A*. 

We use the S2 orbital parameters given by 
ISchodel et al. I ^l2003^ and t he sign of the inclination an- 
gle measured bv iGhez et al . (2003l|) to calculate the 3- 
dimensional positions of the star as a function of time. 
For each given set of the disk parameters, we determine 
the parts of the star's orbit that are eclipsed by the disk 
(i.e. physically behind the disk) and those that are not. A 
physically plausible dis k should not eclipse a ny of the star 
positions measured bv lSchodel et alJ l)2002l 12003) ^ Note 
that since the Sun prevents observations of the GC region 
for about half of a year, there are large portions of the 
star's orbit when it simply could not be observed. 

The method described in this section can be easily ex- 
tended to other stars in Sgr A*, once their orbital pa- 
rameters are precisely determined. S12 and S14 passed 
relatively close to Sgr A* so they could also be useful in 
constraining the disk properties. The orbit of S12 is in- 
deed know n quite well, except f or the sign of its in clina- 
tion angle l|Schodel et all 120031: iGhez et alJl2003a^ ■ so a 
degeneracy in the 3-dimensional positions remains. 



^ iGhez et all J2003hl) refer to this star as SO-2. 



^ iGhez et al.l ll2003bl) observed this star in similar epochs, so 
using their data should yield similar constrains. 
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S2 orbit eclipsed by a Disk wi;h R,^ = 
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Fig. 2. The orbit (top panel) and the hght curve (bot- 
tom) produced by S2 passing through a disk with inner 
radius i?in = and outer one i?out = 0.1", i = 71° and 
/3 = 46°. Triangles show the positions of the star as given 
by[Sch6del et al. (200^. Respective times of the observa- 
tions are shown on the Figure for some of the measure- 
ments. The two small crosses mark the points where the 
star would actually pass through the disk and when X- 
ray and NIR flares are emitted. The S2 luminosity in the 
bottom panel is shown schematically, in arbitrary units. 



2.2. Sample results 

To demonstrate typical results, we present two examples 
of disks that are not in conflict with the observations of S2. 
First, we consider a disk with no (or a very small, Rin — 
0) inner hole, outer radius of 0.1", inclination i — 71°, 
and /3 — 46°. In this calculation S2 was eclipsed between 
2001.7 and 2002.2 (see Fig.©, and between 2002.75 and 
2003.3. The end of the eclipse in 2002.2 coincides with 
a flare in X-rays and NIR that results from the shoc k 
heating of the disk by the star ijNavakshin et al.ll2003|) . 
The NIR flare may in fact be quite strong due to the disk 
re-processing of S2 radiation incident on the disk surface, 
last for months, and be asymmetric (see The same 
may be said about the second flare in around 2002.75, 
except that for this one the eclipse begins (rather than 
ends) with the flare. While fitting the observed data, this 
set of disk parameters is a rather fine tuned one. Thus 
such a disk (with i?in = 0) is likely to be ruled out by 
future NIR observations of Sgr A* . 



Fig. 3. Same as Fig.|21 but for a disk with inner radius of 
0.04", i?out = 0.2", i = 39° and /3 = 347°. Note that S2 is 
seen through the hole in early 2002 and that there are no 
constrains on the disk outer radius in this case. 



iNavakshin et al.l l|2003f l found that the too frequent 
crossings of the disk by the close stars in the innermost 
region of the stellar cluster will actually destroy the disk 
there. They estimated that the inner radius of the disk 
may be as large as Rm ^ 10'^i?g, roughly 0.01". In addi- 
tion, the "accretion" disks in LLAGN do appear to have 
empty inner regions iQuatacrt et al. 1999; Ho 20(^ with 
similar values for Ri^/Rg. Similarly, there are arguments 
for existence of an inner hole in the standard disk sur - 
rounding the black hole in Cyg X-1 ijChurazov et al.l200lj) . 
Thus it is sensible to study a disk with an inner radius 
Rin 7^ 0. As an example, we take a much larger disk with 
R^^^ = 0.2", Rin = 0.04", and i = 39° and (3 = 347° (Fig. 
13). In this example the star is eclipsed by the disk only 
once per orbit, not twice as in Figure 13 The star crossed 
the disk in 2001.8 (producing a flare) and appeared in the 
projection of the inner disk hole in 2002.2. 

An important point to take from Fig. O is that the 
outer disk radius is unconstrained in this case, i.e. it can be 
arbitrarily large. This i s partially due to th e "fortunate" 
orientation of S2 orbit: IChez et a,l.l ^2nn3li showed that 
out of ~ 15 years, the S2 orbital period, the star spent 
only 0.5 year behind the black hole in the year 2002. If we 
take the simplest case of i = 0, i.e. disk coinciding with 
the plane of the sky, then only the innermost 2002 points 
will be eclipsed if Rin — 0. If i?in is greater than about 
0.03", then the three measured positions of S2 that were 
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Maximum Disk Size, R-^^ = 0.035" 
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Fig. 4. Maximum disk outer radius for different orien- 
tation angles in the case of a disk with inner radius of 
i?in — 0.035". The maximum value of i?out is shown as a 
function of the rotation angle for three different values of 
the inclination angle (labelled in the Figure). The curves 
are rugged because the number of the observed S2 posi- 
tions is finite; have we had a full continuous coverage of 
S2 orbit from 1992 to 2002, the respective curves would 
become smooth functions. Vertical arrows at the top of 
the plot emphasize the fact that the outer disk radius can 
be arbitrarily large for the respective set of parameters. In 
general much larger disks are allowed if -Kin ^ few tens of 
mili-arcsecond. 



behind the plane of the sky in 2002 are observed through 
the hole and the rest of the star's orbit is in front of the 
disk. Therefore in this case there are no eclipses even if 
the disk is infinitely large. 

2.3. Constrains on Disk Size and Orientation 

We now search the parameter space to determine the likeli- 
hood, in a rough statistical sense, of a disk with some fixed 
parameters producing no eclipses that would disagree with 
observations. We make a fine grid in the parameter space 
(i?in, Rout, cosi and (3) for this purpose, and for each com- 
bination of these parameters we check whether the disk 
eclipses any of the measured llSchodel et al.ll2002L |2003|) 
star positions. If it does, then this combination of param- 
eters is rejected. 

We concentrate first on a disk with i?in = 0.035". In 
Fig. 0] we show the maximum disk size, i?out, as a function 
of the rotation angle, /3, for three different disk inclination 
angles i. Any value of i?out greater than the respective 
curve shown in Fig. 01 would produce one or more observ- 
able eclipses contradicting the data. It is seen from the 
Figure that smaller values of the inclination angle gener- 
ally allow larger disks. This simply reflects the fact that 
the projected area of the inner missing disk increases as i 
decreases. 



Maximum Disk Size 




0.01 0.10 1.00 

Rout (arcsec) 

Fig. 5. Fraction of the parameter space that permits a 
disk of a given i?out ■ The curves are for different values of 
Rin as marked in the Figure legend. 

If there is no physically preferred orientation of the 
disk, then all the points in the /3-cosi parameter space are 
equally probable. Therefore, to give a rough statistical as- 
sessment of the results, we may define probability P(i?out) 
as the fraction, F, of the area in this parameter space that 
allows the outer radius to be larger than i?out- Fig.[51shows 
this fraction for different cases (for a disk with and with- 
out an inner hole). If there is no inner hole in the disk, 
then only 10% of the disk orientations allow outer radius 
^out greater than 0.1". When Rin — 0.02", this fraction 
grows to about 1/4. If the inner hole is even larger (0.05"), 
only a small fraction of the orientations exclude the opti- 
cally thick disk. This result is at least partially due to the 
already noted fact th at S2 spends only^ 0.5 year behind 
the plane of the sky ijChez et alJl2003bl) . 

For the sake of the forthcoming data from the new 
observing season (i.e. in 2003), we added an extra point 
corresponding to the predicted S2 position on 2003.22. 
However the effect on the results was rather minor - 
the fraction F changed by only ^ 3%. Finally, since the 
putative disk is very geometrically thin {H/R ^ 10~^, 
iNavakshin et al.lf2003tl . a nearly edge-on (cosi — 0) disk 
could be rather easily "hidden" . 

2.4. Eclipses and flares for 52: Summary 

Using th e fact tha t the observations of the S2 star 
(Schodel et al I I2OO2I |il03; Ghez et al. 2003b) showed no 
eclipses in the last 10 years or so we found that an opti- 
cally thick disk with no inner hole (i.e. Rin = 0) is allowed 
for only "small" disks, with outer radii i?out ^ 0.1" (or 
about 10^i?g ~ 10^^ cm). On the other hand, if the disk 
has an inner hole due to frequent star passages or other 
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reasons, with Rm ^ 0.03", then the eclipses are avoided in 
a large fraction of the parameter space by disks that have 
relatively small inclination angle i. The outer disk radius 
in this case may be arbitrarily large. 

It is important to point out that if the disk is opti- 
cally thin, with optical depth r/f < 1 in the near infrared 
K band, then the eclipses are only partial and therefore 
harder to observe. Due to the results of the next section 
we will see that this is the most likely situation for Sgr A* 
inactive disk (if there is any). 

3. Disk reprocessed emission 

3.1. Setup 

The putative disk is heated by the optical and UV radia- 
tion of the member stars of Sgr A* stellar cluster. The bulk 
of the absorbed radiation will be re-emitted as the dust 
thermal emission in infrared frequencies. This radiation 
may be observable and thus it is desirable to determine 
the magnitude of the effect. In general the calculation is 
by no means trivial since the disk may be optically thick 
in some frequencies and yet optically thin in others, and 
hence a careful treatment of radiation transfer is needed. 
However, we will consider only the case of a disk optically 
thick in all frequencies. 

3.1.1. Stellar spectrum 

The star S2 is identified as a massive very bright main 
sequence star of stellar class between BO and 08. In this 
range, the corresponding bolometric luminosity of the star 
is 0.5 — 2 X 10^ Li^ ari d the temperature is about 30, 000 
K llGhez et aljr20n3bt) . For simplicity, we calculate the 
"model" spectral luminosity of the star as a pure black- 
body with T = 30, 000 K and Lboi = 10^ Lq. Observations 
of th e Sgr A* star cluster in the L' band l|Genzel et alJ 
l2003^ showed that S2 has an excess of about 0.6 magni- 
tudes (or 30 mJy for S2's parameters) in that band, com- 
pared with the "normal" colors of the surrounding stars. 
This excess could be due to contamination of the star spec- 
trum by the reprocessed emission of the disk. What we 
call below the "observed spectral luminosity" in L' band 
is then the blackbo dy emission describ ed above plus the 
excess measured by lOenzel et al.l l|2003ll . 

3.1.2. The blackbody emission 

The reprocessed disk emission is a function of time. The 
cooling time of the disk is much shorter than the star's or- 
bital period (usually by orders of magnitude). The repro- 
cessed emission can then be calculated under the steady 
state assumption. The disk reprocessed spectrum is thus 
a function of geometry, i.e. the distance between the star 
and the disk, d. For convenience of this section, we in- 
troduce spherical coordinate system in which the disk 
plane coincides with the 6 — Tr/2 plane, and the star is 
at the 6 = axis. The star's coordinates are thus (r, (p, 



6) = (d, 0,0). (Note that the black hole is offset from the 
center of these coordinates.) 

We assume local black body emissivity for the disk. In 
this coordinate system the distance from a point (r, cf), tt/2) 
in the disk to the star is y/r^ + (P. We thus treat the star 
as a point source and the disk as an infinitely thin plane. 
Clearly this approach is inaccurate for d i?* , but we 
neglect this due to very short duration of such a close 
approach. The effective temperature of a ring with radius 
r in disk surface is 

where Li, is the star luminosity and a is the Stefan- 
Boltzmann constant. Assuming the black body emissivity 
and integrating over r, we arrive at the integrated multi- 
color black body disk spectrum. If the disk is inclined at 
angle i, an additional factor of cosz should be used. 

3.1.3. Photo-ionized layer of the disk 

This simple approach (equation^ to calculating the disk 
spectrum is an approximation to the more realistic situ- 
ation. At the temperatures given by equation ^ that are 
usually Tdisk ^ 10^ K, the main agent responsible for the 
disk opacity and emissivity is dust. In reality the ionizing 
UV fiux of the star will create a layer of completely ionized 
hydrogen on the top of the disk. The dominant role in this 
layer is played by the gas rather than the dust. Within this 
thin layer, the recombination rate will balance the infiux 
of ionizing photons from the star. Assuming temperature 
of order 10^ K for the layer, we find that its column depth 
is 

Nh lO^^n-^d-^ cm-2 , (2) 

where dis is distance between the star and the disk in 
units of 10"'^^ cm, and nn is the hydrogen nuclei density 
in units of 10^^ cm~^. This column depth is orders of 
magnitude smaller than that of the putative inac tive disk, 
which was estimated by iNavakshin et al.| l)2003|) to be in 
the range Nh ~ lO^'^ — 10^^ cm~^ in order to produce 
luminous enough X-ray fiares (depending on the distance 
from Sgr A* and taking model uncertainties into account). 
The thin layer will re-emit in the optical and the UV the 
incident stellar radiation. Fraction of the UV flux is emit- 
ted back out of the disk, and a fraction is emitted to- 
wards the disk, penetrating deeper and ionizing deeper 
layers. The flux re-emitted below the Lyman limit (and 
below the corresponding thresholds for photo-ionization of 
Helium, Oxygen and other abundant elements) can pen- 
etrate much deeper in the disk than the original ionizing 
stellar photons. This radiation will be absorbed chiefly by 
the dust grains "deep" inside the disk and then be emitted 
as the blackbody calculated in equation Q 

From this discussion it is clear that in reality a fraction 
of the incident UV radiation is reflected in the optical- UV 
band. Correspondingly, this fraction of the incident radi- 
ation should not be counted in equation ^ However, for 
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the stellar spectrum that we assume here, i.e. the black- 
body with T = 30, 000 K, only about 20% of the en- 
ergy is emitted at frequencies above the Lyman limit, and 
therefore it seems that the shielding effect of the ionized 
layer should not be very large. Similarly, the dust scat- 
tering opacity could in certain wavelengths exceed that 
for the dust absorption, and then a significant fraction of 
the incident stellar radiation flux could be reflected back 
wit h no change in frequ ency. However we calculated (us- 
ing ^^in^^L^ f984 optical constants and a Mie code 
provided by K. DuUemond) the dust opacity for several 
typical grain sizes and found that this occurs in a rather 
narrow range of conditions, and hence we neglected this 
effect. 

We also estimated the Brackett 7 (A = 2.16/im) line 
flux from this photo-ionized layer of gas. We used the num- 
ber of ionizing photons appropriate for a BO star, a layer 
tem perature of 10,00 K and the case B approximation 
Csee IOsterbrocklll989|) . The resulting equivalent width of 
this line'^ is ~ 60 A, about twenty times larger than the 
a bsorption in the Br ^ line from the star itself (see Fig. 1 
in ldhez et al.lEo03bl) . In addition, we estimated the con- 
tinuum free-free emission from the photo-ionized layer to 
yield vL^, ^ 10'^^ erg/sec at 2.2 /im, which is at the level of 
a few tenths of S2 spectral luminosity (see Fig. El , above 
the c urrent uncertainties in the flux of S2 (see lOtt et al.. 
l2003j) . Thus, if such a strong Brackett 7 and the free- 
free continuum emission from the disk were present, they 
should have been detected by now. 

However, the above estimates are extr emely sensitive 
to the star's spectrum. iGhez et al.l 1 2008b() conclude that 
S2 is an 08-BO main-sequence star. If we assume that S2 
spectral type is BO. 5, then the amount of photo-ionizing 
photons decrease by a factor of ~ 8. Then both the line 
and the continuum disk decrease by the same factor. In 
addition, the PSF in the band is comparable to the size 
of the emitting area of the disk. It is thus possible that 
a significant fraction of the ionized layer's emission would 
be counted as a ba ckground "local" gas emission. Indeed, 
dCxhez et al.l2008hl) note that the background emission ac- 
counts for as much as 50 % of S2's flux. Hence to answer 
this question quantitatively, one needs to do a much more 
careful modeling of the disk emission, i.e. convolving the 
latter with the PSF instead of simply adding the two com- 
ponents. 

Finally, due to a much faster disk ro tation (compared 
to - 220 km/s for S2: lGhez et al.l2003b^ the Br7 emission 
line should be 5-10 times broader'' than the line from the 
star, making it more in line with the observed S2 and 
"local gas" spectrum l|Ghez et al.ll2003bj) . 



Blackbody emission of tine disl< 



This is so for any distance d because the line luminosity is 
(X jBr-i Tvd^niiNH oc const jsr-Y according to equation|21 

* Here we assume that the star-disk separation is of order the 
star's distance to black hole, Vb, in which case a large fraction 
of the disk is illuminated by the star. If instead d <^ rb, then 
the line may be mainly shifted but not significantly broadened. 



Distance star- disk [cm] 

Fig. 6. Spectral luminosity of the disk (vL^) illuminated 
by star S2 in the three near infrared bands (see legend 
in the Figure) as a function of the star-disk separation d. 
The disk is assumed to be face-on to the observer [i — 0). 
The model spectral luminosity (see ti3.1.1|l of S2 is also 
shown on the bottom of the plot. The diagonal line shows 
the maximum gas temperature in the disk for the given 
distance (the scale is on the right). Note that the star is 
easily out shined by the disk for d <, fewlO'^ cm. 

3.2. Reprocessed emission of an infinite disl< 

In this section we study the reprocessed disk emission for 
disks with no inner hole and with an infinitely large outer 
radius (the disk is then a plane). In Fig.^lwe show the disk 
spectral luminosity, i.e. vL^, (integrated over the 47r stera- 
dian of the sky) for the frequencies corresponding to the 
infrared bands K, and L' (1.81, 1.38 and 0.79 xlO" 
Hz, or 1.66, 2.18 and 3.80 /im, respectively), shown as 
a function of the star-disk separation d. The luminosity 
of S2 in these three bands is also shown for comparison 
with the horizontal lines on the bottom of the Figure. On 
the right vertical axis of the plot, the maximum effective 
temperature in the disk is shown. 

Figure |H| shows that the contribution of the disk can 
not be ignored for distances ^ few xlO"'^ cm. S2 radi- 
ates in the Rayleigh- Jeans regime in the near infrared, and 
therefore only a small fraction of the star's bolometric lu- 
minosity is emitted at these frequencies. The disk captures 
a half of the star's bolometric luminosity (mostly optical- 
UV) and re-processes it into much smaller frequencies. 
Therefore the near infrared disk emission can be much 
brighter than the star. The distance of 10'^ cm is quite 
large in comparison with S2's pericenter ('^ 3 x 10'^ cm), 
and is of the order of S2's apocenter. Therefore the repro- 
cessed emission could be expected to be large for S2 for 
the whole of the year 2002. 

Figure|H|also indicates that the optically thick disk as- 
sumption may actually break down when the star is too 
close to the disk. Some of the dust species are destroyed 
(evaporated) when the dust temperature is greater than 
several hundred Kelvin, and at T '--^ 1, 500 K the dust can 
be nearly completely destroyed. Therefore our treatment 
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Light curve of S2 and disk witin R^^^ = 




^ Eclipse 

H 

Ks 



2000 2001 2002 2003 200-1 

Time [years] 

Fig. 7. NIR light curves of S2 and the disk reprocessed 
emission for i = 60° and = 300°. The tria ngles show the 
epochs in which ISchodel et alJ ijiooi |2003fl observed this 
star. The corresponding "observed" stellar luminosity is 
the model spectral luminosity in the Ks band calculated as 
explained in ^3.1.11 The diamond shows the model spec- 
tral luminosity of S2 p lus the excess in the L' band as 
observed |Genzel et al.ll200d: note that there exists only 
one detection of S2 in L' band so far). 

Light curve of S2 and disk with R^^ = 




2000 2001 2002 2003 2004 

Time [years] 

Fig. 8. Same as Fig.[7| but assuming that both the stellar 
and the reprocessed emission are completely unobservable 
during the eclipse. 

is not accurate for d ^ 10^^ cm, where the results will be 
dependent on the exact disk column depth, dust proper- 
ties, etc. We overestimate the disk emission at these small 
distances, and hence the maxima reached by the curves 
in Figure El will be in reality smaller by factors of few to 
ten. Nevertheless it is clear that the disk emission would 
still dominate over the S2 emission and this fact will be 
sufficient for our further analysis. 

One important simplifying assumption that we make 
while performing these calculations is the following. In 
equation ^ it is explicitly assumed that the illuminated 
side of the disk faces the observer, i.e. that the star is in 
front of the disk. In the opposite case the results depend 
on the mean optical depth of the disk, r. Approximately, 



the radiation emitted from the back side of the disk will be 
reduced by a factor of ~ l/r. In what follows we neglect 
this effect, i.e. assume that the front and the back side of 
the disk radiate the same spectrum which is roughly cor- 
rect for T not too much larger than unity. In the following 
figures, however, we point out the times when the star was 
behind the disk; the thermal disk emission at these times 
should be remembered to be smaller than that indicated 
in the figures by an amount depending on t. To show the 
maximum possible effect of this complication, we simply 
turned off all the NIR emission during an eclipse for one 
particular calculation (see Fig. |SJ). Our main conclusion 
- a rather unlikely presence of an optically thick disk in 
Sgr A*- is unchanged, and thus a better treatment of the 
back-side illuminated disk is not necessary. 

3.3. The reprocessed disk emission for S2's orbit 

We now calculate the combined star plus disk luminosity 
for S2 (Figure IZI), first assuming that the disk is inclined 
dXi — 60° and that ro tation a ngle /3 = 300 °. The triangles 
show the times when lSchodel et all l(2o61 l2003l) actually 
observed the star. The maximum near infrared luminosity 
reached by the source is the same, roughly half the star's 
bolometric luminosity, in all the three frequency bands. 
The maxima are reached nearly simultaneously around 
the time when the star physically crosses the disk. The 
very sharp drops in the disk luminosity near the maxima 
are simply due to the fact that the disk becomes "too" hot 
when the star is very close to the surface of the disk (e.g., 
see Fig. EJ. In this case the three near infrared bands are 
on the Rayleigh- Jeans part of the disk blackbody curves 
and the emission is therefore weak. 

The part of the light curve between the two maxima 
in ~ 2001.8 and ~ 2002.4 is the time when the star is 
eclipsed by the disk so that the disk emission should be 
actually reduced at these moments as we explained above. 
In Fig. Owe show the extreme case when the optical depth 
of the disk is so high that all the emission is absorbed by 
the disk material during the eclipse. Comparing the Figs. 
|Z|and|Hl we observe that any optically thick infinite disk, 
oriented as in these Figures, is ruled out by the existing 
data. There has been no changes in S2's Ks band flux 
down to ~ 10 — 20% level for all 10 years of the observa- 
tions (private communication from R. Schodel). 

We test the sensitivity of the result on the disk inclina- 
tion angle, i, in Fig.|51 where we fix the disk rotation angle, 
/9 = 350°, but vary i. Three different values of i (30, 60 
and 80°) are chosen. Only the Kg luminosity of the star 
plus disk system is shown. The maximum near infrared 
luminosity reached by the three curves is the same as in 
Figured but the times of the maxima and the width of 
the curves are different. It is apparent that it is hard to 
escape the tight observational constraints unless the disk 
oriented exactly edge on to the observer. 

Finally, we perform a search in the parameter space in 
the manner similar to that done in t l2.3l In particular, we 
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2.2 jj^m Light curve of S2 and disk refiection Light curve of 52 and a disk with R; = 0.05" 




of i?in = 0.05". Note the absence of the second maxima in 



Fig. 9. Model spectral luminosity of S2 plus the disk ree- the H- and Ks bands. However the L' band excess is still 
mission at 2.2 fim as a function of time for disks with f3 much larger than observed. 
= 80° and different inclination angles. Rin — for this 
Figure. 



Maximum Disl< Luminosity winen S2 was observed 
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: H : 

Ks 

L' 



frequencies, averaged over /3. Except for nearly edge-on 
disks, the reprocessed emission should have been detected 
by now. Since this effect has not been observed, we can 
rule out the existence of an optically thick disk with no 
inner hole in Sgr A*. 



3.4. The case of 52 and disks with empty inner regions 



0.4 0.6 

cos(i) 



Fig. 10. Maximum spectral luminosity of the disk in 
the three NIR ba nds that should been detected by 
ISchddel et alJ l)2003j) if an optically thick disk with — 
was present in Sgr A*. The luminosity is shown in units 
of S2 spectral luminosity as a function of the disk incli- 
nation angle. Note that the disk is always much brighter 
than the star in the infrared except for the nearly edge-on 
orientation. 



make a fine grid in the disk orientation parameter space. 
For every combination of cosi and /3, we determine the 
Ks luminosity of the dis k at the epoch s when S2 was ac- 
tually observed by Scho del et alJ l 20f)3|) . We then pick the 
maximum of these values. The disk Ks luminosity found 
in this way is the maximum luminosity that should have 
been observed by Schodel et al. (2003) for given cosz and 
/3. The result is displayed in Figure^] where we show the 
ratio of the disk flux to that of the star for the three NIR 



We now perform similar calculations but allowing the disk 
to have an inner hole of a given size i?in 7^ 0. Figure ITTI 
shows the light curves in the three frequency bands for the 
disk inchned at i = 60° and f3 = 300°, with R^ = 0.05". 
Comparing the light curves with those shown in Fig. Q 
the most striking difference is the absence of the second 
maximum in the H and Kg bands. This is due to the fact 
that there is now only one crossing of the disk with the 
star - in 2001.8 - while the second crossing shown in Fig.[71 
does not occur because there is no inner disk for R < R^^. 
Nevertheless the strength of the first maximum is such 
that such a disk is still ruled out. 

We then repeated the same calculation (same i and /?) 
but with a larger inner hole radius, Rin — 0.1". The result 
is shown in Fig. 1121 Since the star is relatively far from 
the disk surface for all of its orbit for these particular disk 
parameters, there are no eclipses or detectable increases 
in the H or Kg bands. Further, until 2002, the S2 star has 
not been detected in the L' band, therefore the light curves 
in Fig. 1121 appear to be consistent with the observations. 
In fact, we feel that by adjusting the disk parameters it 
is possible to obtai n the L' band spec tral excess similar 
to that observed bv lCenzel et alJ 1 20031) . We shall explore 
this in detail in the future papers. 
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Light curve of S2 and a disk with R|^ = 0.1" 
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Fig. 12. Same as Fig. ^Jbut for a larger inner disk hole, 
i?in = 0.1". Note that such a disk does satisfy the ob- 
servational constraints: there are no eclipses or transient 
brightening in the Kg band due to disk re-emission of the 
star's radiation. 

3.5. Summary: constraints due to disk reprocessed 
emission 

We have shown that the reprocessed emission of the disk 
illuminated by the star is a very powerful constraint on 
the disk presence and/or properties. In fact, the effect is 
"str onger" than stellar eclipses t hat we studied in (see 
also lNavakshin fc Sunvaevl2003j) . The luminous stars emit 
most of their radiation in the visible and UV ranges. The 
disk re-processes this emission in the NIR band which then 
appears much brighter than the star itself in the same 
frequency. We have seen that the reprocessed NIR disk 
emission is up to a factor of 100 higher than that of the 
star. At the same time eclipses yield an effect of order 
unity. 

Analyzing the predicted NIR light curves for S2 we 
found that an optically thin disk with a very small inner 
hole ~ is ruled out. The disk emission would have 
been seen by now, whereas observations do not show any 
variability in S2 K band fluxes. We then tested disks with 
non-zero values of i?in , and found that only for rather large 
values of Rin ^ 0.1" such disks are permitted. 

4. Star cluster asymmetry due to stellar eclipses 

In S}21we explored the eclipses of the individual stars by the 
putative optically thick disk. To observe such eclipses one 
should be able to resolve individual star's orbits, which is 
extremely difficult and has been made possible only for 
our G alactic Center fsee ISchodel et al.ll2003HGhez et all 
l2008a|^ . At the same time, similar eclipses of unresolved 
stars of the cluster should also be occurring, and hence one 
may hope to detect the disk "shadow" on the background 
emission of the nuclear cluster. In doing the calculations 
below, we will be concerned with the optical-UV emission 
rather than with the infrared, as we were in the previous 
sections. Our working assumption is that the visible and 



Nurrber o^' stars in the line of sigtit 
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Fig. 13. Image of the star cluster shaded by a disk with 
inclination angle i = 80°. The brighter areas correspond 
to larger line of sight column density of stars (the scale is 
shown on the right of the Figure). 

UV flux incident on the disk is absorbed and reprocessed 
into the near infrared emission (see ^HJ, reflecting only a 
small fraction of the radiation in the visible-UV range. 
Hence we treat the disk as an optically thick absorbing 
surface in this section. 

We will only consider disks with no inner holes, i.e. 
Rin = 0, since the instrument resolution (for other than 
Sgr A* galactic centers) is usually worse than the actual 
non-zero value of Rin. Note that an enhanced emission 
from the inner hole could in principle be detected, but its 
asymmetry is currently impossible to resolve. In addition, 
the star cluster is assumed to be spherically symmetric. 
For this reason the angle /3 is no longer of importance. 
Instead we define the xyz coordinate system, with z axis 
directed straight to us, and x and y as in Fig. 113! The x 
axis is positive where the disk is closer to the observer. 

We also define the column density of stars along the 
line of sight, N{x,y), as the integral of the star density, 
n{R), through the line of sight from the disk to the ob- 
server, located at infinity, 

N{x,y) = / n{R)dz . (3) 

J z' 

where z' = — oo if the line of sight does not intercept the 
disk projection, and z' = Zdisk, the respective z-coordinate 
of the disk in the opposite case. For definitiveness, we 
take the spherically symmetric density profile n( R) oc R~°' 
with a = 1.4 for R < Rcusp ^ 10" given by Gen zel et alJ 
ll2003l) and consider the case where i?out ^ Rcusp- 

In Fig. El we show the resulting map of the stellar col- 
umn density for the disk inclination angle i — 80°. The 
projection of the disk shadow is clearly seen. The bound- 
aries of the disk appear as sharp discontinuities in the 
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Fig. 14. Anisotropy measure for a "small" disk (i?out ^ 
Rcusp) and three values of the disk inclination angle, i — 
80° (solid line), 60° (dotted) and 30° (dashed). 



surface brightness of the star cluster. This effect is the 
strongest near the side of the disk that is closer to the 
observer (positive x in Figure ITS)) . 

Also note that the star cluster image appears 
anisotropic on all scales smaller than the disk outer radius. 
This fact allows us to introduce an "anisotropy measure" , 
A, defined as 



A(r) = -5-^ 

^ ' N{r) 



(4) 



where N(r) is the angle-averaged number count of stars 
at projected distance r from the star cluster center away: 



1 r^- 

N{r) = — / Nir, 



(5) 



Here we used in the plane of the sky the common polar 
(r — 4>) coordinates centered on the black hole. We also 
defined N'^{r) in an analogous way and then AAf^(r) = 
NHr)- (Wyjf. 

The anisotropy measure is independent of the disk ori- 
entation in the plane of the sky (i.e. angle f3\ see Fig.^. It 
is also independent of the absolute luminosity of the star 
cluster. Fig. E| shows the anisotropy measure for three 
different values of the disk inclination angle as a function 
of radius R in units of the disk radius i?out. For small 
inclination angles, i ^ 30°, A{R) is nearly zero in the in- 
nermost part of the disk since there is little variation in 
N{x, y) along the circle with R < i?out cosi. However for 
R > Rout cos J, the projected semi-minor axis of the disk, 
the anisotropy measure is as high as 0.3, which is due 
to the high contrast between N{R,0) and N{0,R). The 
case of the moderate inclination angle, i — 60° shows 



that the anisotropy measure increases in the innermost 
parts of the cluster, and there is again a maximum around 
R = i?out cosi. This maximum appears to be the feature 
with which one may attempt to identify the disk incli- 
nation angle, if radius i?out of the disk could be inferred 
from independent considerations. Finally, the case of a 
very highly inclined disk, i = 80°, is mostly a declining 
curve (after R = i?out cosi). 

This method has the advantage that no individual stel- 
lar orbits are needed. As the time scales for disk evolution 
are very long, data collected over many years and even 
tens of years may be combined to try to resolve the inner- 
most region of the star cluster. 

5. Discussion 

In this paper we studied three ways to detect the disk 
presence in the infrared and optical/UV frequencies, and 
we then applied them to the particular case of Sgr A*. 
We found that the orbit of star S2 alone requires the disk 
to be optically thin with near infrared optical depth no 
larger than ~ 0.01. We now discuss in greater detail the 
physical motivation for believing there may be a disk in 
Sgr A*, and the implications of this paper's results for the 
disk hypothesis. 

5.1. A cold disk in Sgr A*? 

Sgr A* is thou ght to b e physically similar to Low 
Luminosity AGN ||HoI1999I) since as long as radiative cool- 
ing is not important, the dynamics of the accreting gas 
should be ind ependent of th e actual acc retion rate (e.g., 
see review bv lNaravanll2002|) . IHoI l)2003|) noted that cold 
disks seem to be one of the established features of LLAGN. 
From spectral energy distributions and from profiles of the 
double-peaked emission lines, the in ner radii of these disks 
arc in the range ~ 102 - lO^iJg fsee lQuataert et a,1.lll99<i 
Ho 2003). By analogy, such a disk can be expected to exist 
in the Galactic Center. 

Furthermore, 'Nav akshin fc SunvaevI l)2003(l suggested 
that star-disk crossings may be t he process that emits 
X-ray flares observed in Sgr A* ijBaganoff et all l200lt 
iGoldwurm et alJl2003l) . While crossing the disk, the stars 
drive shocks into the disk material; the gas is heated 
to temperatures of ord er 10^ — 10^ K and emits X-rays. 
iNavakshin et al.l ^^2003^ showed that the number of star- 
disk crossings per day, given by the ob served distribution 
of stars in Sgr A* ( Genzel e tf ^l.||29lj3 |) is c lose to the ob- 
served rate of X-rav flaring ()Baganofl200^ : the predicted 
flare duration and multi-frequenc y spectra are in a b road 
agreement with the observations. iNavaksliinl l)2003|) also 
suggested that the disk may be an effective cooling sur- 
face for the hot winds, and that the hot flow is essen- 
tially frozen at large radii, preventing it from piling up 
at small radii. This suggestion could be a part of the ex- 
planation for the observed dimness of Sgr A*, although 
th ere are other po ssible explanations (see e.g., the review 
bv lQuataertll2003[ and further references there). 
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iLevin fc Bcloboro dovl l)2003l) . using data of 
iGenzel et alj ( 20QQ,) . recently concluded that most 
of the innermost young bright Helium-I stars (that are 
thought to "feed" Sgr A* by producing powerful hot 
winds) line up in a single plane. This result makes it 
very likely that these hot young stars may have been 
created from a single large molecular cloud that was 
compressed to high densities that led to star formation. 
It is not possible that all of the gas in the molecular 
cloud would turn into stars; the remainder would have 
to form a relatively massive gaseous disk, similar to the 
bright disks of AGN. A tiny not accrete d remnant of the 
original disk could then still be present l)Navakshinll2003t 
FNavakshin et al. JQOJj. 

Finally, ICenzel et al.l 1)20031) report discovery of an in- 
frared excess in the spectrum of S2 in 2002 (e.g., see Fig. 
Ej) as compared to other similar sources in the region. 
Namely, S2 appeared to be brighter by ~ 0.6 magnitude 
in the A = 3.8/im (L' band) compared with what is ex- 
pected from the spectra of other bright nearby stars. Such 
an excess is usually interprete d as evidence for the d ust 
presence around the star fe.g.. lScoville fc KwanlHoT^) . In 
the absence of the inactive (dusty) disk, the only source 
of dust would have to be the hot T £ 10^ K flow itself 
ijGenzel et al.ll2003| . While this is not physically impossi- 
ble, the presence of the dust in a T ^ 10^ K gas is some- 
what problematic as the dust can be destroyed by sput- 
tering in such a gas re.g.. lDraine fc SalDeteil ll979V Our 
estimates show that all but the largest interstellar grains 
would be destroyed by the sputtering by the time the gas 
reaches radii of order S2's pericenter. We suggest that the 
re-processing of the stellar radiation in a putative disk 
could be an alternative way to explain the infrared excess 
of 82. Whereas an optically thick disk that we explored in 
this paper produces in fact a too strong an excess, an op- 
tically thin disk (with "right" orientation and i?in values) 
appears to be promising in this regard (see Fig. I12|l . 

5.2. Constraints on the disk in Sgr A* 
5.2.1. Optically thick disk 

As we have shown in the so far absent eclipses of the 
star S2 ( Schodcl ct al. 2002, 2003; Gh cz ct al. 2003b|) re- 
quires an optically thick disk to have a relatively large in- 
ner hole Rin ^ fewxlO"^ arcsecond (or equivalently few 
xlO^^ cm). A hole with these dime nsions is not unrea- 
sonable fe.g.. INavakshin et al.ll200^ . However in fJSl we 
showed that the disk reprocessed emission yields an even 
stronger signature than eclipses. We found that the disk 
with no inner hole and a very large i?out is incompatible 
with the observations for any combination of disk orien- 
tation angles. We then tested the case of a non-zero value 
for Rin and found that only disks with inner holes as large 
as 0.1" - 10^^ cm ~ 10^i?g yield NIR "echoes" that are 
weak enough to escape the observational constraints. As 
such, our results ar e in a complete agree ment with the 
previous results by iFalcke & Melial l)l997l) and iNaravanI 



1200Z), who also ruled out the existence of an optically 
thick disk with Rm = in Sgr A*. 

5.2.2. Optically thin disk 

It is possible to make rough estimates on how optically 
thin the disk should be to satisfy the observational con- 
straints. For this we simply assume that the opacity of the 
grains is gray, in which case the grain temperature should 
be equal to the effective one (equation^. Then the disk 
spectral luminosity is that calculated in this paper but 
scaled down by factor of ~ r <C 1, where t is the grey 
disk optical depth in the NIR. Referring now to Fig. |7| 
we see that in the maximum the Kg band disk spectral 
luminosity exceeds that of the star by a factor of several 
hundred. Ks flux did not vary within 10 — 20% uncer- 
tainty during the last 10 years of S2 observations (private 
communications from R. Genzel and R. Schodel). On the 
other hand the background cluster e mission accounts fo r 
as much as 50% of the flux in Kg band ijGhez et alJ2003bl) , 
and hence we estimate that the optical depth of the disk 
at 2.2/im should be no larger than r ~ 10^^. However, 
if Rin 0, the constrains imposed by the 2002 measured 
positions can be relaxed and a larger optical depth might 
be consistent with the observations. 

To produce X-ray flares via star-disk interactions as 
luminous as observed, the mid-plane sur f ace de nsity of the 
disk was estimated by INavakshin et al.l l)2003(l at around 
10^"'^ Hydrogen nuclei per cm'^ (although we note that due 
to simplicity of the calculations this value is uncertain by 
up to a factor of 10). With this the disk surface density, 
S, was estimated as S '--^ 1 r^^^ g/cm^, where r^ is disk 
radius in units of 10* gravitational radii, Rg. For R = 
0.03" ~ 4 X lO^i^g, we have E ~ 0.2 g/cm^. Using the 
standard interstellar grain opacity and dust-to-gas mass 
rati o, one gets opacity at 2.2 ^m of T2.2 — 0.6 (see Figure 
1 in IVoshchinnikmll2002l) . Such a disk would violate the 
cons traints that we obtained in this paper. Even assuming 
that INavakshin et alj l)2003j) overestimated the mid-plane 
density by a factor of 10, the NIR opacity still appears to 
be a little too large. 

On the other hand, the dust grains are destroyed with 
each star's passage. Smallest grains are especially vul- 
nerable to such a destruction. Of course when the star 
leaves the disk, the dust will reform. With the gas densi- 
ties as high as 10"'^^ cm~^, the du st grains could grow a t 
a rate as large as 10~^ cm/year l|Navakshin et alll2003l) . 
In addition, because only the largest grains survive the 
star passages, the large grains will grow preferentially. 
Therefore, the combination of the repeated dust destruc- 
tion and dust growth could create larger grains than that 
in th e interstellar medium . Using the optical constants 
from lDraine fc Le3 l)l984) and a simple Mie theory code 
to compute dust opacity (provided by K. DuUemond), we 
estimated that for the standard dust-to-gas mass ratio of 
0.01 the NIR opacity is reduced to a ~ 1/lOth of its inter- 
stellar value at 2.2 /im if the typical grain size is a ^ 30/im. 



12 



J. Cuadra et al.: Bright stars and an optically thick disk in Sgr A* 



5.3. Star cluster asymmetry due to disk presence 

In 21 considered the effects of the disk on the appear- 
ance of the integrated star cluster brightness along a given 
line of sight. The disk was assumed to be optically thick 
and completely absorbing at the relevant wavelength (i.e. 
optical or UV). We found that the disk (obviously) im- 
prints a shadow on the star cluster light. We then defined 
the "asymmetry measure" parameter A, defined in equa- 
tion 0] which appears to be a convenient indicator of the 
disk presence. In particular, as a function of radial dis- 
tance from the star cluster center, A{r) has a clearly de- 
fined shape with characteristic features that could be used 
to constrain the inclination of the disk. Observational de- 
termination of A{r) may thus allow one to observation- 
ally test the disk presence in the nuclear stellar clusters of 
nearby galaxies. 

6. Conclusions 

In this paper we studied some of the potentially observable 
signatures of a cold disk presence in our Galactic Center, 
and in the centers of other galaxies. Such disks may be the 
remnants of previously active, i.e. accreting, disks. This 
work is essentially an e xpans ion of the ideas presented in 
iNavakshin &: SunvaevI l)2003|) via (i) using the exact and 
updated S2 star orbit in the study of possible eclipses of 
S2; (ii) including new effects - the disk re-processing and 
star cluster anisotropy. Our present work is also comple- 
mentary to that of Nayakshin, Cuadra & Sunyaev (2003) 
who studied X-ray and near infrared flares produced when 
stars pass through the cold disk. 

The strongest of the three effects considered in the 
paper turned out to be the re-processing of the stellar 
visible radiation into the near infrared bands (®. We 
found that if an optically thick disk were present in Sgr A* , 
the reprocessed emission of the bright star S2 would have 
been observed by now in all H, Kg and L' near infrared 
bands. Since this contradicts to the data, an optically 
thick disk would have to have a rather large inner radius, 
Rin ^ 0.1" - lO-^i^g - 10^^ cm. 

At the same time, the observed L' band excess in S2's 
spectrum in the year 2002 ( Genzel et al. 2003), is most 
naturally interpreted as a signature of the re-processing 
of S2 stellar radiation into this band. We estimated that 
the disk invoked by Navakshin et al. ( 2003) would have 
the "right" dust opacity if the minimum size of the grains 
in the disk would be about 30/im. Such a large minimum 
grain size may be the result of the unusually high (by inter- 
stellar standards) density in the disk and the too frequent 
stellar passages through the disk. Therefore, both the X- 
ray flares of Sgr A* and the mid-infrared excess of S2 in 
2002 may he the result of the interactions of the stars with 
an optically thin inactive disk. 
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